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Marko Z. Radic* and Moncef Zouali† geted by sequence motifs flanking the germline seg-
ments. Each motif, termed recombination signal se-*Department of Microbiology and Immunology
quence (RSS), is composed of conserved 7 (heptamer)Allegheny University of the Health Sciences
and 9 bp (nonamer) motifs separated by a spacer ofPhiladelphia, Pennsylvania 19129
conserved length (12 or 23 bp) but of relatively variable†De´partement d’Immunologie
sequence. Typically, recombination occurs betweenInstitut Pasteur
two RSS, each having a different spacer length (Lewis,28, rue du Dr Roux
1994). Primary rearrangements at the k chain locus are75015 Paris
well suited for further rearrangements because re-France
arranged VkJk gene segments usually are flanked by
unrearranged Vk and Jk segments (Figure 1A). Analysis
of B-cell tumor models established that rearranged kOver the last few years, our knowledge of the mecha-
chain alleles can be replaced by secondary re-nisms that control the development of B cells and shape
arrangements of upstream Vk genes to downstream,their repertoire has expanded rapidly, with description
unrearranged Jk gene segments (Selsing et al., 1984;of a number of novel cellular and molecular pathways.
Feddersen and Van Ness, 1985; Shapiro and Weigert,Among these, receptor editing is unique because it en-
1987; Levy et al., 1989; Lewis, 1994). Continuous sec-ables B cells to alter their immunoglobulin variable (V)
ondary rearrangements of Vk genes have also been ob-region genes and, consequently, change the specificity
served in Abelson murine leukemia virus (AMuLV)-trans-of the B cell receptor (BCR) expressed at their surface.
formed pre-B cell lines (Lewis et al., 1982). DependingThis remarkable property provides clues to long-stand-
on the orientation of the editing Vk relative to the Jk,ing questions pertaining to the fate of cells developing
the secondary rearrangement may delete the primaryin the bone marrow. The majority of B lymphocytes that
VkJk or separate it from Ck by inversion. The remainsarise in the bone marrow do not migrate to peripheral
of theprimary, productive rearrangements can berecov-organs to participate in an immune response but, in-
ered as extrachromosomal DNA circles produced by astead, undergo apoptosis and are disposed of by resi-
secondary deletional rearrangement (Harada and Ya-dent macrophages (Osmond et al., 1994). Two reasons
magishi, 1991) or, following an inversion, upstream on
for the death of immature B cells are the nonproductive
the same chromosome as the new VkJk (Feddersen and
assembly of the heavy (H) or light (L) chain gene seg-
Van Ness, 1985; Huber et al., 1992).
ments and the generation of BCR that react against
For the H chain, VHDJH rearrangements remove all
self. A third, related reason is that B cells may undergo
available, unrearranged D gene segments on the same
apoptosis after they have exhausted their potential for
allele. Moreover, secondary VH rearrangements to
additional V gene rearrangements. The displacement
downstream JH gene segments are not compatible with
of productive rearrangements by additional, productive
the 12-23 spacer rule that governs the joining of RSS.
rearrangements on the same allele may be accom-
However, early studies of VH gene rearrangements in
plished by secondary rearrangement at the H chain lo-
fetal liver–derived AMuLV-transformed pre-B cell lines
cus resulting in H chain replacement, or by secondary
prompted the search for an alternative mechanism of
L chain V gene rearrangements, resulting in L chain repertoire diversification. The observation that the JH-
editing. Thus, receptor editing depends on the capacity proximal VH81X gene dominates the repertoire in early
of variable light (VL) and heavy (VH) genes to undergo ontogeny led to the suggestion that a primary re-
successive rearrangements. It may provide an alterna- arrangement may serve as a substrate for subsequent
tive to apoptosis of immature B lymphocytes in the bone VH gene replacement (Yancopoulos et al., 1984). Work-
marrow if it occurs during the 16–18 hr period after ing independently, two groups soon provided evidence
cross-linking of theBCR, but before irreversible commit- for a novel type of rearrangementbetween a RSS 39 of an
ment to apoptosis (Rothstein, 1996). As will be dis- upstream VH gene and a heptamer sequence embedded
cussed here, secondary rearrangements have now been within a rearranged VH gene (Kleinfield et al., 1986; Reth
described ina number of systems. Although formal proof et al., 1986). This heptamer is found in the third frame-
that they are triggered by antigen encounter is lacking, work region (FR3) of over 70% of murine VH genes and
mounting evidence suggests that some secondary re- is identical to the heptamer signal sequences of D seg-
arrangements are a result of receptor engagement. Re- ments (Figure 1B). Invasion of an existing VHDJH re-
ceptor editing not only diversifies the repertoire, but also arrangement by a VH gene can repair a nonproductive
may allow B cells to avoid high affinity autorecognition. VHDJH junction (Reth et al., 1986), as well as replace a
Hence, receptor editing has implications with regard to functional H chain (Kleinfield et al., 1986; Covey et al.,
maintenance of B cell tolerance and, possibly, to the 1990).
induction of pathogenic autoimmunity. Collectively, these studies suggested that secondary
V gene rearrangements can be readily observed and
Receptor Editing and Organization of the that they take place even when the initial rearrangement
Immunoglobulin Variable Gene Loci is productive. H chain replacement is difficult to docu-
Functional immunoglobulin and T cell receptor genes ment in vivo because no more than a few base pairs of
the original VH remain behind after receptor editing.are assembled by VDJ recombination, a process tar-
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Figure 1. Mechanisms of Receptor Editing at
the L Chain and H Chain Immunoglobulin Loci
(A) Revision of a primary Vk–Jk rearrange-
ment. Vk genes rearrange by inversion or de-
letion. Once a primary rearrangement has
been obtained, a secondary rearrangement
may also use either deletion or inversion, de-
pending on the orientation of the Vk involved.
Shown are both types of secondary rear-
rangements that may be used by B cells to
revise their BCR and acquire a new specific-
ity. The two different RSS are indicated by
numbers. For simplicity, both secondary re-
arrangements are shown to involve the same
downstream Jk, but different Vk genes.
Arrows indicate each of the expressed Vk–Jk
rearrangements.
(B) Variable gene replacement at the H chain
immunoglobulin locus. Editing of a VH gene
by secondary rearrangement deletes the pri-
mary VH–D–JH joint. The conserved hep-
tamer–nonamer that is embedded within the
39 end of most VH germline genes and the
standard flanking RSS are shown. The ex-
pressed VH–D–JH joints are indicated by
arrows. During thesecondary rearrangement,
a variable amount of the original VH–D junc-
tion may remain and N nucleotides may be
added to the new junction.
Nevertheless, circular DNA containing the edited VH system, receptor editing was explored in mice express-
ing transgenes encoding an anti-H-2Kk/H-2Kb immuno-gene joined precisely to the RSS of the new VH can be
globulin M (IgM)/k BCR (Tiegs et al., 1993). Transgene-obtained (Usuda et al., 1992). The frequency of these
encoded immunoglobulin were readily expressed insecondary molecular events during normal B cell devel-
H-2Kd mice, butcould not be detected in theperiphery ofopment remains unknown.
mice expressing the Kk or Kb antigens. Idiotype-positive,
immature B cells from the bone marrow of such mice
Editing of Autoreactive B Cells expressed elevated levels of recombination-activat-
Direct insights into receptor editing came from experi- ing genes (RAG-1 and RAG-2), generated increased
ments in mice expressing autoreactive immunoglobulin amounts of circular gene excision products, and yielded
higher frequencies of endogenous l chains in peripheraltransgenes that induce B cell deletion. In one model
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repertoire in the periphery and biases the Jk use toward
the last available Jk segment, Jk5 (Radic et al., 1993a).
No rearrangements of Vl to Jl were seen because com-
binations between 3H9 and Vl1 or Vl2 give rise to
dsDNA-binding BCR and B cell deletion.
Transgenes incorporating a CDR2 arginine substitu-
tion in 3H9 (56R) that raises the antibody affinity for
dsDNA 10-fold (Radic et al., 1993b) further reduced the
expressed Vk repertoire and increased the bias toward
Jk5 (Chen et al., 1994). In addition, 56R transgenic B
cells displayed a novel strategy, the deletion of the entire
H chain transgene array, which allowed them to express
endogenous H chains and sidestep tolerance. To tilt the
balance even more in favor of dsDNA binding, the 76R
line of transgenic mice was constructed by incorporat-
ing a second arginine substitution that raises the dsDNA
affinity of the 3H9 H chain by two orders of magnitude
(Radic et al., 1993b). All three H-chain only transgenic
mouse lines, 3H9, 56R and 76R, were backcrossed to
JH deletion homozygotes to prevent the expression of
endogenous H chains (Chen et al., 1994). In these mice,
the transgenes allowed the development of B cells be-
yond the B2201, CD431 pro-B cell stage at which lym-
phocytes of transgene negative JH2/2 littermates were
arrested. However, 56R, and especially 76R, transgenes
impaired further lymphopoiesis at the immature B cell
stage, and few if any IgM1 cells were observed to de-
velop. This blockade identified the transition from pre-
B to surface Ig1 (sIg1) immature B cells as the stage at
which anti–dsDNA B cell deletion occurs (Chen et al.,Figure 2. Extinction of Self-Reactivity by Receptor Editing
1995a).The immunoglobulin gene recombination machinery may give rise
A direct evaluation of receptor editing of H or L chainto a sIgM1 B cell with self-specificity. To avoid autorecognition, this
immature B cell may extinguish its autorecognition by revising its genes in their proper genomic context became possible
BCR through receptor editing. If, as might be the case in systemic by inserting functional V gene rearrangements at the Jk
autoimmune diseases, this mechanism is deficient, the B cell will (Prak and Weigert, 1995) or JH loci through homologous
remain autoreactive.
recombination in embryonic stem cell lines. This ap-
proach demonstrated that an engineered locus con-
B cells (Tiegs et al., 1993). The increased L chain re- taining the 3H9 rearrangement effectively establishes
arrangements led to the displacement of the transgene- allelic exclusion, participates in an immune response
encoded L chains by endogenous L chains and resulted to a foreign antigen, undergoes isotype switching, and
in BCR with edited specificities that no longer elicited accumulates somatic mutations (Chen et al., 1995b).
B cell deletion. This observation, together with the dis- Most importantly, analysis of these “knock-in”mice con-
placement of the transgene-encoded L chain by endog- firms that H chain replacement occurs at the endoge-
enous L chains in anti–DNA H and L chain transgenic nous locus, that it can recruit distant VH genes, and that
mice advanced the concept that one form of receptor it can prevent dsDNA binding. Moreover, the editing
editing may utilize competition between two L chains for mechanism generates imprecise joints between the new
association with the transgene-encoded H chain (Gay et VH and its target, such that either a few base pairs of
al., 1993; Tiegs et al., 1993). If the endogenous L chain the original VH remain or part of the original CDR3 is
competes effectively for the H chain and prevents bind- deleted and nontemplated bases are added at the new
ing to self-antigen, this form of receptor editing is able junction. Interestingly, the authors suggest that, 12 bp
to avert B cell deletion (Figure 2). upstream of the previously identified heptamer in FR3,
The first detailed analysis of L chain editing in the there is a novel nonamer consensus sequence, TCTGAG
absence of a L chain transgene became feasible by GAC, that serves as a specific signal for VH gene re-
using an anti–DNA H chain transgene, 3H9, that imposes placement in over 70% of VH genes (Chen et al., 1995b).
double-stranded (ds) DNA binding on a wide range of It will be important to provide formal proof that this
heterologousL chains (Radicet al., 1991). In 3H9 H-chain sequence actually functions as a nonamer.
only mice, the absence of dsDNA-specific B cells indi- More recent studies provide compelling evidence that
cates their efficient deletion (Erikson et al., 1991). Con- the binding to dsDNA per se induces receptor editing
versely, genetic analysis of the remaining B cells pro- (Chen et al., 1997). Analysis of hybridomas from double
vides insights into receptor editing as it operates on knock-in mice revealed that editing had occurred in a
authenticL chain substrates. Editing of anti–dsDNA BCR significantly greater percentage of B cells specific for
by secondary VkJk rearrangements that avoid dsDNA dsDNA than in B cells that could only recognize ssDNA.
Moreover, it was shown that B cells undergoing receptorbinding greatly reduces the diversity of the observed Vk
Immunity
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editing were much more likely to revise their knock-in Crossing these mice to mice unable to express IgH and
k chains generates approximately 20% of B cells thatL chain than to replace their knock-in H chain.
make antibodies with no anti-NP antibody specificity.
In these animals, the majority of serum immunoglobulin
Receptor Editing and Repertoire Diversification derives from NP-negative B cells that have undergone
Although VL and VH gene replacements have been ob- secondary VH gene rearrangements, apparently by a
served in AMuLV-transformed pre-B cell lines (see mechanism analogous to that seen in 3H9 “knock-in”
above), it is important that successive rearrangements mice.
are not restricted to transformed cells. During B cell If, as the experiments with the knock-in autoreactive
proliferation, secondary rearrangements of k chain al- mouse model suggest (Chen et al., 1995b), V gene re-
leles take place and may contribute to the diversification placements are triggered as a means to rescue high
of the immune repertoire that is available for recognition affinity autoreactive Bcells from programmed cell death,
of foreign antigens (Caton, 1990). One possible reason it may seem surprising that VH replacement occurs so
for editing could be the formation of a structurally com- frequently in the B cells of mice expressing anti-NP or
promised pair of m H chain and surrogate L chain (Keyna anti-pneumococcus antibodies. However, the findings
et al., 1995; Ye et al., 1996). However, even after the that a proportion of antibodies to the hapten NP (Zouali
formation of an immunoglobulin surface receptor, a pop- et al., 1987) or to the pneumococcal cell wall (Putterman
ulation of B cells continues secondary rearrangements. et al., 1996) also react with DNA suggest that self-cross-
In vitro, culture of immature sIg1 B cells from Em–bcl-2 reactivity might have been the trigger of the BCR revision
mice showed continued expression of recombination- events seen in the two knock-in experimental systems
activating genes, RAG-1 and RAG-2, and rearrangement discussed above (Taki et al.,1995; Cascalho et al., 1996).
of L chain loci. This rearrangement occurred in an or- Alternatively, these rearrangements may reflect selected
dered fashion, whereby k-chain1sIg1 cells could be- or stochastic events that serve to diversify the ex-
come l-chain1sIg1 cells (Rolink et al., 1993). pressed repertoire.
More recent studies in mice immunized with nitrophe-
nyl acetate coupled to chicken g-globulin showed
RAG-1 and RAG-2 protein expression in centrocytes Editing and Autoimmunity
Since editing provides an additional pathway to B cellof mature splenic germinal centers (Han et al., 1996).
Because adjacent sections showed the coincident ex- tolerance, it is important to consider its relevance to
pathogenic autoimmunity. It is now recognized that au-pression of B7-2, a marker of centrocytes, it was con-
cluded that V(D)J recombination is induced in B cells toimmune diseases are complex and that different mo-
lecular mechanisms, combined with different environ-after encounter with antigen. A companion paper
strengthened this conclusion by providing a phenotypic mental factors, probably trigger the same symptoms in
patients with different genetic susceptibilities (Zouali,characterization of B cells in lymph nodes and in culture
(Hikida et al., 1996). In the future, it will be important to 1994b). Among the various contributing defects, alter-
ations in the pathways of normal B cell tolerance andestablish whether RAG reactivation in germinal centers
is induced by random somatic mutations that alter BCR development are currently the focus of much investiga-
tion. Several lines of indirect evidence suggest that Bspecificity or convert it to self-reactivity, and whether
this form of receptor editing generates BCR that will cells can by themselves exhibit an intrinsic defect and
that there is no need of a T cell defect or a failure insuccessfully compete for antigen.
Further evidence that editing plays a role in shaping tolerant T cell help to generate autoreactive B cells (re-
viewed by Huck and Zouali, 1996). The view that, inthe antibody repertoire comes from two experimental
systems where “nonautoreactive” VHDJH rearrange- normal individuals, encounter of potentially harmful,
high affinity, self-reactive B cells with autoantigens trig-ments were introduced by homologous recombination
at the JH locus. In the first set of experiments, a com- gers receptor editing raises the issue of whether B cells
of autoimmune patients also attempt to switch off theirplete rearranged VHDJH gene coding for the T15 anti-
body specific for pneumococcal C-polysaccharide was autoreactivity by generating a second BCR through sec-
ondary L chain rearrangements (Figure 2). It has recentlyinserted into the DQ52–JH region (Taki et al., 1995). More
than half of B cells in the spleen and peripheral blood been noticed that human lupus anti-DNA antibodies rep-
resentative of the pathogenic subset use essentially Vkof heterozygous mutant animals expressed the wild-
type IgH allele. This expression occurred through inacti- genes that are proximal to the Jk cluster and that, in
addition, they show a tendency to utilize upstream Jkvation of the inserted VH gene on the mutant chromo-
some by rearrangement of upstream DH or VH and DH genes, suggesting that the corresponding B cells may
be blocked in their capacity to undergo successive re-genes into the VT15 gene. Two additional heptamer RSS
found in FR1 of the T15 VH gene are used preferentially arrangements and to edit their receptors (Bensimon et
al., 1994). It is also of interest that in MRL/lpr autoim-and result in VH “silencing rearrangements.”These stud-
ies suggest that not all VH genes are likely candidates mune mice, the severity of the disease correlates with
the biased use of the most distal J558 VH gene fam-for VH replacement, although they may provide an inter-
mediate substrate suitable for receptor editing. ily—an observation that could be explained if VH re-
placements were more frequent in this experimentalIn a second set of studies, the stretch of genomic
DNA containing the JH segments was replaced with a autoimmune model (Komisar et al., 1989). Both observa-
tions suggest that receptor editing must be a carefullyVHDJH segment which, in combination with a l chain,
imparts binding to the hapten NP (Cascalho et al., 1996). controlled process in normal B cell development.
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Table 1. A Heptamer-Like Sequence Is Embedded within the 39 mechanism may play a role in human antibody diversifi-
End of Human VH Genes cation.
Number of Genes Positive/
VH Gene Family Number of Genes Tested Percent
ImplicationsVH1 11 of 11 100
In summary, ongoing successive rearrangements mayVH2 3 of 3 100
be a more general phenomenon than had previouslyVH3 18 of 22 87
VH4 11 of 11 100 been assumed. It is important to emphasize that not all
VH5 2 of 2 100 secondary rearrangements are coupled to editing and
VH6 1 of 1 100 that some may be independent of antigen encounter. In
VH7 1 of 1 100
addition to expanding antibody diversity, variable geneTotal 47 of 51 92
replacement may represent a mechanism that enhances
The heptamer-like sequence TACTGTG was found to be present in the probability of a B cell viability if the primary re-
51 human sequences representing essentially all known germline arrangement has resulted in a truncated variable gene
genes (reviewed by Zouali, 1994a; Cook and Tomlinson, 1995). Se-
segment or an autoreactive BCR. The implications of thequences were from the EMBL/GenBank data base.
discovery of receptor editing are numerous and exciting,
and, naturally, a number of questions arise. When does
editing stop, and can it be reactivated? What mecha-
nism regulates receptor editing, and what gene productsReceptor Editing in Human B Cells
The possibility that human B cells can change their BCR are involved? Is there an absolute requirement for RAG-1
and RAG-2, and are there other more specialized factorshas been addressed in several studies. Experiments in
B cell lines suggest that secondary rearrangements can that facilitate editing? A major focus, then, becomes to
delineate the timing of editing and its component steps.occur in the l and k chain loci (Combriato et al., 1991;
Huber et al., 1992). The conclusion that the recombina- If variable gene replacement is triggered by engagement
of the BCR with antigen, it should start at the immaturetion machinery is not turned off by a productive re-
arrangement is supported by more recent studies of IgM1 B cell stage, after L chain assembly, as suggested
by studies of B cell development by transgenic com-normal B cells. When sIg1 immature B cells isolated
from normal bone marrow were sorted into k1sIg1 and plementation of RAG-1- or RAG-2-deficient mice. In
RAG-1- and RAG-2-deficient mice expressing an Hl1sIg1 cells, these sorted immature cells still expressed
RAG-1. After 3 days of culture, 11%–24% of k1sIg1 cells chain transgene, differentiation in the bone marrow is
arrested at the pre-B cell stage (Melchers et al., 1995;became l1sIg1 cells. However, human peripheral B cells
showed no changes in L chain phenotype, and RAG-1 Spanopoulou et al., 1994; Young et al., 1994). By con-
trast, simultaneous introduction of m H chain and l Lwas undetectable (Ghia et al., 1995). The changes in L
chain expression of the sIgM1 bone marrow cells sug- chain transgenes into RAG-22/2 mice leads to the gener-
ation of a substantial population of monoclonal B cellsgest that surface expression of IgM does not terminate
L chain rearrangements, but that the capacity for contin- (Young et al., 1994), presumably incapable of editing.
If, as seems likely, V gene replacement occurs in normalued rearrangements is lost when B cells mature.
Analysis of the H chain locus in a B lymphoma cell line B cells, it will be important to see whether a recombinase
activity remains present at low levels in B cells afterfrom a leukemia patient suggested that VH replacement
occurs in vivo (Deane and Norton, 1990). The H chain functional variable gene assembly or whether this activ-
ity is triggered by specific stimuli, such as autoantigens.locus of this patient showed a composite VH–VH–D–JH
gene in which the upstream 5–51 VH gene, previously The experiments involving transgenic complementation
(Spanopoulou et al., 1994; Young et al., 1994) and thosecalled VH251, was joined to the downstream 3–23, pre-
viously called VH26. VH replacement was further de- using autoantibody transgenes (Tiegs et al., 1993; Radic
et al., 1993a) suggest that RAG expression and succes-scribed in Epstein–Barr virus–transformed human B cell
lines and in peripheral blood lymphocytes of healthy sive rearrangements are triggered by ligation of the BCR
on B cells. It is therefore conceivable that self-antigendonors (Brokaw et al., 1992).
Since studies on secondary VH gene rearrangement stimulation of B cells represents the basis for the reacti-
vation of the recombinase in normal B cells.in mouse B cells have shown that they are dependent
on the presence of internal recombination signals It remains, however, an intriguing possibility that edit-
ing is a constitutive property of immature B cells. With(Kleinfield et al., 1986; Reth et al., 1986; Covey et al.,
1990) and that heptamer-like sequences are common B cell maturation, editing ceases because further sec-
ondary rearrangements are prevented either by a de-in the 39 end of murine VH genes (Chen et al., 1995a),
it was of interest to probe human VH genes for the crease of RAG-1 and RAG-2 activity or by a change in the
accessibility of the locus to the recombinases. Equallypresence of signal sequences. Examination of 51 human
germline VH genes representing the seven known gene important will be to decipher the molecular mechanisms
involved in editing. This will be possible by separatingfamilies (reviewed by Zouali, 1994a; Cook and Tomlin-
son, 1995) showed that a VH heptamer-like element lies apoptotic B cells by FACS and examining their V genes
(Maybaum and Reynolds, 1996). In the “knock-in” exper-in the 39 end of virtually all known human VH genes
(Table 1). Thus, the presence of the heptamer-like se- iments described above (Chen et al., 1995b; Taki et al.,
1995; Cascalho et al., 1996), there are a number of Nquence in the 39 end of human VH genes and the occur-
rence of VH gene replacement in untransformed human sequences at the V–D–J junctions of variable genes re-
arranged as a result of editing. Since the enzyme TdT,B lymphocytes (Brokaw et al., 1992) suggest that this
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Covey, L.R., Ferrier, P., and Alt, F.W. (1990). VH to VHDJH re-which mediates N sequence addition, is in principle only
arrangement is mediated by the internal VH heptamer. Int. Immunol.active at the pro-B cell stage, it may be that VH gene
2, 579–583.replacement occurs at this B cell developmental stage,
Deane, M., and Norton, J.D. (1990). Immunoglobulin heavy chaini.e., before antigen exposure. Another possibility is that,
gene rearrangement involving V-V region recombination. Nucl. Acidsas already proposed (Chen et al., 1995b), TdT is reacti-
Res. 18, 1652–1653.
vated at the time of expression of RAG genes, which
Erikson, J., Radic, M.Z., Camper, S.A., Hardy, R.R., Carmack, C.,
are mandatory for V–D–J gene assembly and editing. and Weigert, M. (1991). Expression of anti-DNA immunoglobulin
Also intriguing is whether and how receptor editing and transgenes in non-autoimmune mice. Nature 349, 331–334.
clonal deletion operate in concert to maintain B cell Feddersen, R.M., and Van Ness, B.G. (1985). Double recombination
tolerance. At present, the complex machinery responsi- of a single immunoglobulin k-chain allele: implications for the mech-
ble for deletion by programmed B cell death is the focus anism of rearrangement. Proc. Natl. Acad. Sci. USA 82, 4793–4797.
of much attention, with a numberof genes and pathways Fulcher, D., Lyons, A., Korn, S., Cook, M., Koleda, C., Parish, C.,
identified (Rothstein, 1996). From recent studies, it ap- Fazekas de St. Groth, B., and Basten, A. (1996). The fate of self-
reactive B cells depends primarily on the degree of antigen receptorpears that two genes, Fas and bcl-x, are not necessary
engagement and availability of T cell help. J. Exp. Med. 183, 2313–for editing (Fulcher et al., 1996; Rubio et al., 1996). Fi-
2328.nally, the role of themolecular cascade involved in trans-
Gay, D., Saunders, T., Camper, S., and Weigert, M. (1993). Receptorducing signals through the BCR has not been ad-
editing: an approach by autoreactive B cells to escape tolerance.dressed. One of them, the B cell Src family kinase Lyn,
J. Exp. Med. 177, 999–1008.
seems to play an important role in the elimination of
Ghia, P., Gratwohl, A., Signer, E., Winkler, T.H., Melchers, F., andautoreactive B cells (Hibbs et al., 1995; Nishizumi et al.,
Rolink, A.G. (1995). Immature B cells from human and mouse bone
1995; Huck and Zouali, 1997). Clearly, much more work marrow can change their surface light chain expression. Eur. J.
is required to probe the role of BCR signaling and Immunol. 25, 3108–3114.
apoptosis-related genes in the regulation of receptor Han, S., Zheng, B., Schatz, D.G., Spanopoulou, E., and Kelsoe, G.
editing and to delineate the precise stages involved in (1996). Neoteny in lymphocytes: Rag-1 and Rag-2 expression in
this novel pathway. germinal center B cells. Science 274, 2094.
Harada, K., and Yamagishi, H. (1991). Lack of feedback inhibition
of Vk gene rearrangement by productively rearranged alleles. J. Exp.Acknowledgments
Med. 173, 409–415.
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